The septation initiation network (SIN) triggers the onset of cytokinesis in the fission yeast Schizosaccharomyces pombe by promoting contraction of the medially placed F-actin ring. SIN signaling is regulated by the polo-like kinase plo1p and by cdc2p, the initiator of mitosis, and its activation is co-ordinated with other events in mitosis to ensure that cytokinesis does not begin until chromosomes have been separated. Though the SIN controls the contractile ring, the signal originates from the poles of the mitotic spindle. Recent studies suggest that the spindle pole body may act as a dynamic assembly site for active SIN signaling complexes. In the budding yeast Saccharomyces cerevisiae the counterpart of the SIN, called the MEN, mediates both mitotic exit and cytokinesis, in part through regulating activation of the phosphoprotein phosphatase Cdc14p. Flp1p, the S. pombe ortholog of Cdc14p, is not essential for mitotic exit, but may contribute to an orderly mitosis-G1 transition by regulating the destruction of the mitotic inducer cdc25p.
(see [7, 17] for discussion). The following sections will introduce the core components and regulators of the SIN. Little is known about the roles of pld6 and etd1, which will not be discussed further.
The Scaffold sid4p-cdc11p
Most of the SIN proteins associate with the spindle pole body (SPB) at some point in the cell cycle (see [7, 8] and below). This requires a scaffold composed of sid4p and cdc11p [21] [22] [23] [24] . Sid4p binds cdc11p, anchoring it to the SPB; the in vivo SPB anchor for sid4p is not known. It is noteworthy that sid4p was identified in a two-hybrid screen using the SPB protein sad1p as bait [25] , but the physiological relevance of this remains to be established. Analysis of the localisation and function of deletion mutants of cdc11p shows that the carboxyl terminus of cdc11p is necessary and sufficient for SPB localisation and binding to sid4p [23, 26] .
Detailed analysis of proteins that interact with cdc11p and sid4p by two-hybrid interactions, in vitro binding assays and analysis of affinity-purified complexes has shown that sid4p interacts with the mitosis and SIN regulator plo1p [24] and the SIN inhibitor dma1p [27] . Cdc11p can interact directly with spg1p, cdc16p and sid2p in vitro [24] : only the interaction with sid2p is sufficiently robust to survive extraction and immunoprecipitation.
Interestingly, these interactions all involve the amino-terminal half of cdc11p. Consistent with this, recruitment of the amino-terminal region of cdc11p to the SPB by fusion to the carboxyl terminus of sid4p will rescue mutants in both scaffold proteins, suggesting that this domain will allow assembly of functional signaling complexes if taken to the SPB [26] . Cdc11p mutants lacking the carboxyl terminus do not associate with the SPB and will not inhibit septum formation if overproduced [26] , suggesting that active signaling complexes can only be assembled either in the context of sid4p or at the SPB. It is not known whether all the SIN components can bind to the same sid4p-cdc11p scaffold molecule simultaneously, or whether different subcomplexes are formed. Assembly of the SIN at the SPB is shown in cartoon form in Figure 1 .
The scaffold protein cdc11p is a phosphoprotein which is hyperphosphorylated during mitosis [21] . This correlates with SIN activation and depends upon SPB association of cdc11p and the activity of cdc7p in vivo [28] . It has been suggested that this phosphorylation is the trigger for signaling, though this remains to be demonstrated. This does, however, raise the intriguing possibility that cdc11p plays an active part in the signaling process, in addition to being a scaffold molecule.
The initiation of septum formation must be coordinated with mitosis. In addition to SIN proteins, the amino terminus of cdc11p also binds to the mitotic cyclin cdc13p [24] . As cdc2p negatively regulates the SIN [29] , possibly by preventing the sid1p-cdc14p complex from binding to the SPB [30] , it is tempting to speculate that cdc11p-bound cdc2p-cdc13p directly inhibits loading of this complex onto the SPB. This inhibition is not, however, due to phosphorylation of cdc11p by cdc2p-cdc13p, as cdc11p that has been mutated in eight Cdk consensus sites is fully functional [24] . The mechanism by which mitotic kinase activity inhibits SIN signaling remains to be determined.
Cdc11p is also required for formation of normal astral microtubule arrays during mitosis [21] . How it influences microtubule behavior is not known. Astral microtubules play a role in monitoring spindle orientation in S. pombe through a checkpoint that prevents anaphase B onset if the spindle is not orientated along the long axis of the cell. Consistent with a defect in astral microtubule function, anaphase B onset is delayed in cdc11 mutants [31] . It is noteworthy that Nud1p, the MEN scaffold protein in S. cerevisiae, also regulates astral microtubules [32] and binds to Bub2p, the equivalent of S. pombe cdc16p [33] .
The GTPase spg1p, Its Regulators and cdc7p
Signaling by the SIN is thought to be governed by the GTPase spg1p. Increased expression of spg1 can trigger septum formation at any stage of the cell cycle [1, 27] . The nucleotide status of spg1p is regulated by byr4p and cdc16p, which together act as a GTPaseactivating protein (GAP) [34] . Byr4p acts as a scaffold with independent binding sites for spg1p and cdc16p [35] ; the existence of a trimeric complex has been [7] . Lte1p, a putative GEF for Tem1p, is essential for mitotic exit at low temperatures; its GEF domain, however, is not required for mitotic exit and it has been proposed that it may promote association of Tem1p with the SPB [37] . Nonetheless, real-time imaging has shown that the coordination of spindle disassembly and actin ring contraction is compromised in lte1 mutants [38] , suggesting that though it is not essential, Lte1p plays a fine-tuning role in coordinating events during mitotic exit.
Spg1p also binds to the protein kinase cdc7p in vitro. Effector domain mutants of spg1p reduce the interaction with cdc7p, which occurs preferentially with spg1p-GTP in vitro [39] . The use of conformationally sensitive antisera to spg1p [39] , together with the predicted nucleotide status in GAP mutants and localisation of GAP components [36, 40] , has led to the model that spg1p makes the transition to the signalingcompetent GTP-bound state at the onset of mitosis, allowing binding of cdc7p to the SPB. This has yet to be confirmed by direct measurements of nucleotide status in vivo. Loss-of-function mutants in spg1p prevent stable association of cdc7p with the SPB in vivo [39] . Spg1p requires cdc11p, but not byr4p, cdc16p or cdc7p, for association with the SPB [39] . The kinase activity of cdc7p does not fluctuate through the cell cycle [39] , but local regulation of activity at the SPB cannot be excluded. It is noteworthy that there is a mutant of cdc7p that does not associate with the SPB, yet cells are viable at low temperatures [41] . Whether this indicates a cytoplasmic role for cdc7p remains to be determined. The S. cerevisiae equivalent of cdc7p is Cdc15p, which is inhibited by mitotic Cdk activity and activated by Cdc14p [42] ; it is not known if this is also the case for cdc7p.
The Kinases sid1p-cdc14p and sid2p-mob1p
Signal transduction in the SIN pathway requires two protein kinases in addition to cdc7p: sid1p [30] and its regulatory subunit cdc14p [43] , and sid2p [44] with its partner mob1p [12, 14] . Examination of the dependency of localisation of a number of SIN proteins to the SPB and contractile ring in some SIN mutant backgrounds has led to the hypothesis that the three protein kinases cdc7p, sid1p and sid2p act in a linear order [30] (Figure 2) . No biochemical support for this has yet been reported. A sid1p-cdc14p complex can be detected in fission yeast cells throughout the cell cycle, but it associates with the SPB only during anaphase. The kinase activity of sid1p shows a slight peak at the end of anaphase [30] . Cdc14p is required for full activation of sid1p [45] and the two proteins are interdependent for SPB localisation [30] . Association of sid1p-cdc14p with the SPB does not occur until mitotic kinase activity has been reduced, and it depends upon active SIN signaling via spg1p-cdc7p [30] . Increased expression of cdc14 results in a G2 arrest [43] , which is partially relieved by mitotic control mutants. Whether this results from interference of the interaction of cdc13p-cdc2p with cdc11p is unknown.
Sid2p-mob1p is seen at the SPB throughout mitosis, and then it associates with the actin ring prior to ring contraction. It is not known whether the sid2p-mob1p that appears at the contractile ring must first transit via the SPB. The binding partner of sid2p-mob1p at the contractile ring has not been identified. It is assumed, but not proven, that sid2p-mob1p association with the ring is the trigger for its contraction.
The kinase activity of sid2p peaks at the time of septum formation [44] . Mob1p is required for the localisation of sid2p to the SPB and the contractile ring [12, 14] , and for full activation of the kinase activity of sid2p [46] by preventing the latter from undergoing inhibitory homodimerization [46] . Formation of the mob1p-sid2p complex is not, however, cell-cycle regulated and is not affected in the SIN mutants. Sid2p is a phosphoprotein: mutation of conserved regulatory phosphorylation sites on sid2p to alanine reduces its kinase activity, while mutation to phosphomimetic amino acids increases kinase activity and partially rescues mutants in sid1, cdc14, spg1 and mob1, but not sid4, cdc11 or cdc7 [46] .
As activation of sid2p-mob1p and their association with the contractile ring depend upon the scaffold protein cdc11p and functional spg1p-cdc7p [44] , it has been proposed that sid2p phosphorylation is mediated by one of the SIN kinases [46] . In the S. cerevisiae MEN, Dbf2p, the counterpart of sid2p, is thought to be directly activated by Cdc15p [47] , which is most closely related to cdc7p in its kinase domain. Whether sid2p can be activated directly by cdc7p is not known.
Regulators of the SIN Positive Regulators
The protein kinase plo1p may regulate the SIN: shutting down plo1 expression from a regulated promoter in a plo1 null background gives rise to a SIN phenotype [13] , and some plo1 mutants also fail to septate [48] . Increased expression of plo1 will induce cells to septate in interphase [13] . Ectopic activation of the SIN in a plo1 mutant gives rise to septation [26, 48] , suggesting that plo1 acts upstream of the SIN. Plo1p binds to sid4p [24] and phosphorylation of cdc11p during anaphase requires plo1p activity [26] . The relevant targets for plo1p in SIN regulation remain to be determined, but by analogy with S. cerevisiae, byr4p may be one target [49] .
One should not forget that plo1p plays many roles in mitosis [13, 50] : it is required for positioning the division plane [51] and is also a component of non-SIN complexes at the SPB, some of which regulate mitotic commitment [52] . The finding that plo1p associates with the SPB prematurely in the cdc7-24 mutant at permissive temperatures [53] suggests that there may be a feedback loop involving plo1p and the SIN. It is interesting to note that plo1p binds to sid4p via its 'polo box' region [24] , which functions as a phosphorecognition motif, possibly for sites generated by proline-directed kinases such as cdc2p [54] . It is tempting to speculate that this is part of the mechanism that couples entry into mitosis with 'activation' of the SPB for SIN protein binding. 
Negative Regulators

Why Should Proteins Be Distributed Asymmetrically?
The simplest explanation would probably be that concentrating all the positive regulatory molecules in one place reduces the possibility for error. This question remains open, however -for a discussion of other possibilities see [7] . It is noteworthy that sid2p-mob1p is present on both spindle pole bodies throughout mitosis. Assuming that sid2p is the ultimate effector of the SIN, the fact that it is associated with spindle pole bodies whose constellation of SIN proteins and regulators is not identical, raises the possibility that different kinds of signals may be generated by the two spindle pole bodies.
Which Pole Retains the Signaling Kinases ?
Duplication of spindle poles in S. pombe is conservative [66] : the question of whether the 'old' or 'new' pole retains cdc7p during anaphase B has recently been answered [62] with an elegant technique that was earlier used to study SPB inheritance in S. cerevisiae [67] . A SPB component was tagged with slow-folding red fluorescent protein (RFP) and cells were grown into stationary phase. As RFP takes more than one generation to fold into a fluorescent conformation, when cells re-enter the cell cycle in fresh medium, only pre-existing 'old' spindle pole bodies are labeled with RFP, while new poles are not. Combining this reagent with GFP-tagged SIN proteins demonstrated that cdc7p and sid1p-cdc14p associate with the 'new' SPB, while byr4p-cdc16p associates with the 'old' SPB.
In S. cerevisiae, active MEN signaling complexes associate with the daughter-bound, 'old' spindle pole [67] . After reversible depolymerisation of microtubules, however, either pole can go to the daughter cell [67] . This contrasts with the situation in S. pombe, where cdc7p, spg1p-GTP, cdc14p and sid1p remain associated with the 'new' SPB even after microtubule depolymerisation. Thus, in S. pombe the spindle pole bodies appear to be intrinsically different, while in S. cerevisiae the nature of the signaling complexes that assemble on a pole depend upon whether it is destined to enter the daughter cell.
The anaphase segregation pattern displayed by fin1p reveals another layer of complexity: it appears on both poles in 50% of anaphases, while in the other half it associates only with the old SPB [62] . Pedigree analysis showed that, in cells where it is asymmetric, fin1p associates with the old pole. Fin1p segregates symmetrically during anaphase in the cell that inherits this pole, while the cell inheriting the 'new' pole again shows asymmetric segregation of fin1p during anaphase. In contrast, both cells that display a symmetric distribution of fin1p in anaphase produce symmetric anaphases in the next cycle. Tracing of individual spindle pole bodies over multiple generations leads to the model that full maturation of the SPB takes more than one cycle [62] . The nature of the modifications involved is unclear. To address whether dynamic turnover of SIN proteins might play a role in signal transduction, FRAP has been used to study the residence time of SIN proteins at the SPB. The cdc11p-sid4p scaffold turns over quite slowly in interphase, and is even more stable during mitosis. In contrast, the signaling proteins spg1p and sid2p turn over at least three-fold more rapidly than sid4p, which is consistent with the SPB being a dynamic assembly site for signaling complexes [24] . Whether turnover rates differ on the old and new spindle pole bodies remains to be determined. As spg1p and sid2p turn over equally rapidly both in interphase and mitosis, the nature of the activation event for SIN signaling remains unclear. Analysis of turnover of the MEN protein Tem1p during late anaphase has shown that it is rapid [72] . Recovery after photobleaching is biphasic, however, suggesting that there may be functionally different populations of Tem1p at the SPB in the daughter cell. In S. pombe, the mitotic inducer cdc25p is expressed periodically [85] , hyperphosphorylated when maximally active during mitosis [86] and degraded at the end of mitosis. Cdc25p degradation is dependent at least in part upon the ubiquitin ligase pub1p [87] , though the APC/C also appears to be involved [83] . In flp1 null mutants, cdc25p is neither fully dephosphorylated at anaphase nor is it degraded rapidly [ control over entry into mitosis, particularly wee1 and  cdc2 [16,88,89]. In contrast, SIN-ring double mutants  have the phenotype resembling a SIN, rather than a  ring mutant, despite having an aberrant F-actin ring, for example [88, 89] . It has therefore been proposed that the SIN is required for a checkpoint that monitors contractile ring integrity [88, 89] . But it is not clear whether the SIN is required for signal transduction in this pathway, or whether the failure of the SIN to signal ring contraction means that the presence of an aberrant ring cannot be detected.
Targets of the SIN
One of the molecules whose presence or function in the ring may be scrutinised is the β β-glucan synthase catalytic subunit bgs1p [88, 89] . Analysis of one bgs1 mutant was particularly revealing [89] . The cells arrest with two nuclei, a post-anaphase microtubule array, enter the next S phase, but do not initiate septum formation or resume growth at the tips of the cell. Strikingly, the cells retain a medially placed contractile ring. Cdc7p and sid1p remain associated with one SPB even though mitosis has been completed, as though the cell is poised for cytokinesis [81, 89] . Disassembly of the contractile ring with latrunculin A relieves the block to initiation of mitosis in these cells, indicating that the continued presence of the ring inhibits mitosis [89] . It is important to note that although cdc7p and sid1p are present at the SPB it is not known whether they remain active in the arrested cells and, if so, how the cell is prevented from responding to their signals.
Flp1p is also required for this checkpoint [80, 81] . In a bgs1 mutant, flp1p does not return to the nucleolus at the end of mitosis but remains cytoplasmic [81] , and bgs1 flp1 double mutants elongate, rather than delaying the nuclear cycle [80, 81] . Recent studies indicate that flp1p is important for viability if the contractile ring is perturbed [90] . Understanding the role of the SIN in controlling the localisation of flp1p and identification of the targets of flp1p relevant for this checkpoint will be of considerable interest.
Future Directions
The greatest shortfalls in our understanding of how the SIN works remain how do the three core kinases cooperate to transduce the signal and what are the relevant substrates? While genetics may help us with the latter, only painstaking in vitro analysis using purified proteins will finally answer the former. Going beyond these long-standing questions, most of the work to date has focused on the role of the SIN proteins in the mitotic cycle. Little is known of their role in the meiotic cycle, though snippets of information may point the way. For example, diploids heterozygous for a mob1 truncation mutant are severely compromised for spore viability [14] . There is also the question of how septum formation is prevented during meiosis: delayed inactivation of meiotic cdc2p activity delays spore formation [91] ; this may be analogous to the situation in the mitotic cycle whereby mitotic cdc2p activity inhibits septum formation.
Many questions also remain about the role of FEARlike proteins and flp1p in S. pombe mitosis and meiosis. S. cerevisiae Cdc14p regulates spindle function in anaphase [92] , and is also involved in the correct segregation of telomeric regions and rDNA in S. cerevisiae (reviewed in [93] ). Cdc14p and the FEAR proteins are also involved in nuclear positioning [94] and in the meiotic cycle [95, 96] . It will be interesting to determine whether flp1p performs equivalent roles in S. pombe.
